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Introduction
Recent social neuroscience models have proposed moving beyond studying neural processes at the within-individual level to considering coordinated neural activity across multiple individuals during social encounters (Bilek et al., 2015; Schilbach et al., 2013) . Thus, there is growing interest in studying when and how neural processes become synchronized, or temporally matched, between two or more people (Babiloni and Astolfi, 2014; Hasson et al., 2012) , and whether this inter-brain synchrony may play a role in facilitating positive social interactions such as successful cooperation (Cui et al., 2012; Tang et al., 2016) . Research on inter-brain synchrony might be particularly important for understanding family relationships, as temporal matching in parent-child physiology and behavior is thought to underpin the attachment relationship (Feldman, 2017) . However, few studies have directly examined inter-brain synchrony between parents and their children, potentially due to the difficulty of using some neuroimaging technologies with younger populations (e.g., functional magnetic resonance imaging -fMRI) and difficulty in pairing these technologies with social tasks that involve interaction with a partner. In addition, few studies have considered possible contexts that might modulate parent-child synchrony or investigated whether inter-brain synchrony is related to meaningful aspects of the parent-child relationship. In this study, we used functional near-infrared spectroscopy (fNIRS) to measure simultaneous brain activity (i.e., hyperscanning) in mother-child dyads during cooperation. We tested whether (1) inter-brain synchrony in mothers and their children increases during a cooperative relative to a non-cooperative task, (2) whether this increase differs for mother-son versus mother-daughter dyads, and (3) whether the synchrony is related to how well the dyad cooperates behaviorally and the quality of their attachment relationship.
Brain regions in the fronto-temporal network are critically involved in social cognitive processing (Frith and Frith, 2010; Hastings et al., 2014) and may be particularly prone to synchronization across individuals engaged in social interaction (Dikker et al., 2014; Jiang et al., 2012; Liu et al., 2017; Tang et al., 2016) . Adult dyads have been shown to increase synchrony in the right temporoparietal junction (TPJ) when participating in cooperative and face to face economic exchange games Tang et al., 2016) , and this right TPJ synchrony has been linked to greater shared intentionality between partners (Tang et al., 2016) . In addition, inter-brain synchrony in prefrontal cortex (PFC) regions such as the superior and dorsolateral PFC has been linked to positive interpersonal outcomes including successful cooperation (Cui et al., 2012) , effective communication (Stephen et al., 2010) , and perceived similarity between two individuals (Hu et al., 2017) . Taken together, there is increasing evidence that inter-brain synchrony in frontal and temporoparietal regions reflects a shared neural mechanism, or consequence, of prosocial interactions. Biological and behavioral synchrony between humans first emerges in the context of the mother-child attachment relationship (Feldman, 2017) . Mother-child dyads have been shown to coordinate their behaviors (e.g., social gaze), affect, and autonomic activity (e.g., heart rate), and the degree of this coordination is thought to consolidate their bond and promote a secure attachment relationship (Feldman, 2015 (Feldman, , 2017 Leclere et al., 2014) . Children develop secure attachment relationships when parents are sensitive and responsive to their needs, whereas harsh or inconsistent parenting contributes to the development of avoidant or anxious attachment orientations (Vrtička, 2017) . To the degree that biological synchrony between individuals is an interpersonal marker of relationship quality, avoidant and anxious attachments should be linked to decreased biological matching between partners. For example, in a hyperscanning EEG study with romantic couples, Kinreich et al. (2017) found that anxious attachment status in males was negatively associated with TPJ gamma rhythm synchronization with a partner during naturalistic social interaction, suggesting that insecure attachment styles may interfere with inter-brain synchrony in the context of close relationships. Thus, it seems reasonable to expect that children with more avoidant or anxious attachments to their mothers would demonstrate less inter-brain synchrony.
Researchers have used several methodological tools to study the links between attachment-related constructs and behavioral (Leclere et al., 2014) , autonomic (Ebisch et al., 2012) , and hormonal (Papp et al., 2009; Saxbe et al., 2017 ) facets of parent-child synchrony across different temporal scales. Overall, however, studies of parent-child synchrony at the level of the brain have been rare, perhaps due in part to the physical and temporal constraints of popular neuroimaging technologies such as fMRI. fNIRS is one neuroimaging technique that allows for simultaneous acquisition of continuous brain activity across two individuals (i.e., hyperscanning), and is suitable for use with pediatric populations. Although fNIRS is increasingly being utilized in adult hyperscanning research (Baker et al., 2016; Cui et al., 2012; Nozawa et al., 2016) , and has been proposed as a potentially useful tool for studying parent-child attachment (Vrtička, 2017) , we are only aware of one recently published fNIRS study of parent-child inter-brain synchrony (Reindl et al., 2018) , which also focused on cooperation. In this study, inter-brain synchrony in the dorsolateral and frontopolar PFC regions was associated with cooperation and children's emotion regulation skills (Reindl et al., 2018) .
Lastly, some research suggests that the relationship and interactions between mothers and daughters versus mothers and sons may differ (Kerig et al., 1993; Russell and Saebel, 1997) . For example, parents have been found to encourage traditionally sex-typed activities (Lytton and Romney, 1991) and more risk-taking in sons and caution in daughters (Morrongiello and Dawber, 1999) . In terms of synchrony, mother-son dyads have been found to be more coordinated in their behavioral interactions and autonomic activity than mother-daughter dyads (Helm et al., 2018; Tronick and Cohn, 1989) . We were interested in examining whether mother-daughter and mother-son dyads might demonstrate differences in their inter-brain synchrony. Interestingly, recent research on adults has uncovered differences in inter-bran synchrony during cooperation in mixed-sex and same-sex dyads, indicating that males and females may rely on different strategies for cooperation. Cheng et al. (2015) found evidence for cooperation-related inter-brain synchrony in the PFC in mixed-sex dyads but not same-sex dyads. Conversely, Baker et al. (2016) did not find significant inter-brain synchrony during cooperation in mixed-sex dyads but found evidence that male-male and female-female dyads exhibited synchrony in different parts of the brain (right prefrontal and right temporal cortices, respectively). Similarly, Zhang et al. (2017a Zhang et al. ( , 2017b found that female, but not male, dyads demonstrated increased synchrony in temporoparietal cortices during social interaction. Whether the observation of sex differences in inter-brain synchrony between adult strangers also extends to parent-child dyads, however, has not yet been tested.
The current study used fNIRS hyperscanning to assess mother-child inter-brain synchrony during a cooperative and non-cooperative computer-based task. We expected inter-brain synchrony to increase in the right temporoparietal cortex and right PFC during the cooperative task compared to the non-cooperative control task. In addition, given the mixed findings from recent research suggesting differences in interbrain synchrony during cooperation in same-sex and mixed-sex dyads (Baker et al., 2016; Cheng et al., 2015) , we explored whether increases in inter-brain synchrony differed in mother-son versus mother-daughter dyads. Finally, we hypothesized that stronger increases in inter-brain synchrony during cooperation would be related to better performance in the task and less insecure mother-child attachment.
Methods

Participants
This study initially included 30 mother-child dyads (16 girls, 14 boys) who were recruited from the local community to participate in a study of the neural correlates of attachment in late childhood. This study required children to undergo an fMRI scan, and mother-child dyads to participate in an fNIRS hyperscanning session. The present analyses focus on data from the mother-child fNIRS session. Two dyads were dropped from analyses due to unusable behavioral or fNIRS data. Thus, the final sample included 28 mother-child dyads (15 girls, 13 boys). Mothers' age ranged from 38.89 to 56.82 years (M = 45.93, SD = 3.76). Children's age ranged from 8.05 to 12.93 years (M = 11.17, SD = 1.27). In the final sample, two mother-child pairs were not biologically related (e.g., child was biological son of same-sex partner or was conceived through a donor egg), but in both cases the participating parent was involved in childcare from birth.
Cooperation and independent task conditions
Mother-child dyads participated in a computer-based task to assess cooperation and inter-brain synchrony (Baker et al., 2016; Cui et al., 2012) . Mothers and their children were seated in front of separate computer screens and keyboards placed on opposite sides of a table.
Mothers and children could not see each other or make eye contact, and were instructed to not talk to each other during any part of the task. At the start of each trial, an empty gray circle against a black background was presented on both computer screens. After a random duration of 0.5-12 s, the empty gray circle filled with green, signaling to mothers and children to press a button on their keyboards. Mother-child dyads attempted to match their responses in time. If the difference in time between mothers' and children's responses was less than ½ of the sum of their response times, then the dyad earned a point. If the difference between response times exceeded this threshold, then the dyad lost a point. Each dyad started with 100 points and was instructed to maximize earned points. Following the slower participant's response, a feedback screen was presented to both participants showing whether they won or lost, and a plus and minus sign on the left side of the screen indicated to participants whether they responded faster or slower than the other dyad member. Mother-child dyads could use this feedback to adjust the timing of their responses on subsequent task trials. Fig. 1 presents the sequence of events for each trial. The cooperation condition consisted of 40 trials separated into two 20 trial blocks with a 30 s rest period in between. Behavioral performance for each mother-child dyad was calculated as the proportion of trials that were wins.
An independent, non-cooperative version of the task was used as a control condition. This task took place in the same room under the same conditions as the cooperative task. Prior to the task, participants were instructed that they would play the game independent of each other. In this version of the task, the screen with the green circle signaled to mothers and children to press their buttons as fast as possible. These cues were presented to both partners at the same time. Each partner started with 100 points and won a point for correct responses and lost a point for every early response (i.e., before seeing the green circle). Participants did not receive feedback regarding whether they were faster or slower than their partner, and their performance did not impact whether their partner gained or lost points.
The presentation of the cooperation and independent conditions were counterbalanced across dyads. Prior to starting the first task condition, participants were told that their overall performance on the cooperation and independent tasks would be scored and compared with other players.
fNIRS data acquisition
Changes in cortical oxygenated (HbO) and de-oxygenated (HbR) hemoglobin were measured in mothers and children simultaneously using an ETG-4000 (Hitachi, Japan) Optical Topography system. The optode arrangement was identical to those used in previous studies on inter-brain synchrony and cooperation from our group (Baker et al., 2016; Liu et al., 2016) . More specifically, for each dyad member a 3 × 3 (i.e., 12 channels) optode patch was placed on the right forehead to measure right prefrontal cortex hemodynamic activity. The inside edge of the 3 × 3 patch was aligned to the midline (i.e., the arc running from the nasion to the inion) and the bottom edge was placed directly over the brow. In addition, a 2 × 3 (i.e., 7 channels) optode patch was placed on the right side of the head to measure right temporoparietal cortex hemodynamic activity. The front edge of the 2 × 3 patch was placed over the right ear and the bottom edge of the patch directly above T4 based on the 10-20 system. Within each mother-child dyad, placement of patches was examined and adjusted to ensure similar placement of optodes. Table 1 presents the average MNI coordinates of the optodes across all participants, which were estimated using data from a 3D digitizer and a probabilistic registration tool developed by Singh et al. (2005) , and Fig. 2 presents the average ROI and optode MNI locations across all participants. The fNIRS data were collected at a sampling rate of 10 Hz.
fNIRS data analysis
In accord with previous fNIRS hyperscanning studies from our group, we chose to examine inter-brain synchrony in a specific middle wavelength task frequency and filtered out data in low-and high-frequency bands (see below) (Baker et al., 2016; Cui et al., 2012) . Motion artifacts were corrected using a wavelet-based artifact removal method (Molavi and Dumont, 2012) . All data were visually inspected in timeseries plots for excessive noise and identification of channels to be excluded from subsequent analyses. We chose to focus on the HbO data given that this signal is more robust than HbR and more comparable to BOLD signal captured using fMRI. We used the wavelet transform coherence (WTC) package in Matlab (Grinsted et al., 2004) to apply continuous wavelet transformation to the motion corrected HbO data and estimate inter-brain synchrony in mother-child dyads. WTC, which measures cross-correlations as a function of frequency and time, can identify locally phase-locked behavior between two HbO signals (Baker et al., 2016; Cui et al., 2012; Liu et al., 2016) . Each channel was paired with the identical channel in the opposite member of the dyad. We were interested in inter-brain synchrony occurring at the frequency of the task. Thus, for each pair of channels, the mean of all inter-brain synchrony values between the periods of 3.2 and 12.8 s (our task frequency) was computed for each cooperation and independent task block. In other words, we interpreted task-related inter-brain synchrony as the magnitude of correlations between corresponding HbO signals that were specific to HbO fluctuations occurring at the frequency of our tasks. For a more in-depth explanation of WTC, please see Grinsted et al. (2004) and Chang and Glover (2010) . For HbO data acquired form the 3 × 3 patch over the right forehead, we formed four regions of interest (ROIs) (i.e., each containing 3 channels) corresponding to the right inferior, right dorsolateral, right superior, and right frontopolar PFC. For HbO data acquired from the 2 × 3 patch, all channels were averaged together to create a ROI for the right temporoparietal cortex. Thus, our ROIs were defined a priori based on the location of optodes and channels in each patch (Baker et al., 2016) . Within each of the five ROIs, inter-brain synchrony for each pair of channels was averaged together (Baker et al., 2016) . Fig. 1 . Trial Stimulus Sequence. Screenshots of the ready signal, "go" signal to initiate mother and child response, and feedback window. (For interpretation of the references to color in this figure, the reader is referred to the web version of this article.) Table 1 Estimated MNI coordinates for optodes using probabilistic registration (Singh et al., 2005) . The optode numbers correspond with those presented in Fig. 2 .
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Attachment measures
Children reported on their attachment to their mothers using the Experiences in Close Relationships-Revised Child Questionnaire (ECR-RC; Brenning et al., 2011) . The anxious and avoidant subscale items were averaged to form indices of anxious (e.g., "I'm worried that my mother doesn't really love me", α = 0.84) and avoidant attachment (e.g., "It's not easy for me to tell my mother a lot about myself", α = 0.91).
Analysis strategy
We used repeated measures analysis of variance (ANOVA) to examine whether inter-brain synchrony significantly increased from the independent to the cooperation task conditions. Given that previous research found evidence for cooperation-related synchrony increases in specific ROIs (Baker et al., 2016) , we also conducted planned comparisons of the effects of task condition on inter-brain synchrony for each of the five ROIs. For planned comparisons (both within ROIs as well as post-hoc pairwise comparisons within ANOVAs), we included False Discovery Rate (FDR) correction to provide a more conservative estimate controlling for multiple comparisons. Given previous research suggesting sex-differences in inter-brain synchrony in specific ROIs during cooperation (Baker et al., 2016; Cheng et al., 2015) , we furthermore tested for differences in synchrony increase in mother-son versus mother-daughter dyads by including child age and sex as a covariate and between-subjects factor, respectively, in the ANOVA, and performed planned comparisons for synchrony increases within specific ROIs. We subsequently used two approaches to examine whether interbrain synchrony was related to dyadic behavioral performance during the cooperation task and measures of attachment. First, we included behavioral performance and attachment as covariates in an additional ANOVA model. Second, we conducted bivariate correlations. For this correlation analysis, cooperation-related increases in inter-brain synchrony in each ROI was defined as the average synchrony during the cooperation task condition minus the average synchrony during the independent task condition. Thus, positive values in the difference scores reflect increases in mother-child inter-brain synchrony from the independent to the cooperation task conditions. Lastly, we used an ANOVA approach to examine whether inter-brain synchrony changed over the course of the independent or cooperation task conditions.
Results
Behavioral measures
Descriptive statistics for cooperation performance, anxious and avoidant attachment to mother, and response times in the cooperation and independent task conditions are presented in Table 2 . Anxious and avoidant attachment scores were positively correlated (r = 0.59, p = .001), and older children reported less avoidant attachment (r = -0.55, p = .002). Girls and boys did not differ in terms of attachment, and cooperation performance and response times did not differ between mother-son and mother-daughter dyads (all p > .175). Reaction times in the independent compared to cooperation task did not differ for mothers or children (both p > .243).
Inter-brain synchrony in block 1 versus block 2 of the independent and cooperation task conditions
To test whether inter-brain synchrony significantly changed over the course of the independent condition, or over the course of the cooperation condition, we conducted a 2 (condition: cooperation versus independent) x 5 (ROI) × 2 (block) repeated measures ANOVA. We did not find any significant interactions with the factor block (all p > .432). Thus, inter-brain synchrony did not appear to differ across blocks within the independent and cooperation task conditions. We therefore collapsed the data from block 1 and block 2 for all remaining analyses.
Inter-brain synchrony increase during cooperation
To analyze the effect of cooperation on inter-brain synchrony, we first conducted a 2 (condition: cooperation versus independent) x 5 (ROI) repeated measures ANOVA. There was a significant main effect of condition, F(1, 27) = 7.47, p = .011, partial η 2 = .22, suggesting that, overall, mother-child dyads showed greater inter-brain synchrony during the cooperation condition than during the independent condition (see Fig. 3 ). The main effect of ROI was not significant, F(1,27) = 0.89, p = .484. In addition, although the overall interaction between condition and ROI was not significant, F(1,27) = 0.77, p = .556, we conducted planned comparisons in accordance with previous literature using pairwise t-tests to analyze potential synchrony increase within specific ROIs (see Fig. 4 ). Mother-child dyads showed greater interbrain synchrony during the cooperation than independent conditions in the right dorsolateral, t(27) = 2.15, p = .041, and right frontopolar PFC t(27) = 2.62, p = .014 (p = .103 and p = .070, respectively, after FDR correction). Inter-brain synchrony during the cooperation and independent conditions did not significantly differ in the right temporoparietal cortex, right inferior, or superior PFC (all p's > 0.183, uncorrected).
Sex-differences in inter-brain synchrony
To test for differences in inter-brain synchrony between mother-son and mother-daughter dyads, child age and sex were added as a covariate and between-subject factor, respectively, to the ANOVA model. The main effect of condition (i.e., higher overall inter-brain synchrony Fig. 2 . fNIRS Optodes and Regions of Interest. The estimated average location of source (red circles) and detector (blue circles) optodes based on 3D digitizer data and plotted in MNI space. The average MNI coordinates for each optode are listed in Table 1 . The ROIs were established a priori for the right inferior (yellow triangle), right dorsolateral (red triangle), right superior (green triangle), and right frontopolar prefrontal cortex (purple triangle), as well as right temporoparietal cortex (blue rectangle). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) during the cooperation than independent condition) remained statistically significant, F(1, 25) = 10.55, p = .001, partial η 2 = .30, and there was a statistically significant interaction between child sex and condition, F(1, 25) = 7.57, p = .010, partial η 2 = .24. Subsequent follow-up analyses revealed that the main effect of condition (i.e., higher overall inter-brain synchrony during the cooperation than independent condition) was only significant for mother-son dyads, mean difference = 0.02, p = .004, FDR p = .008, CI(95%) = [0.01, 0.04], but not motherdaughter dyads, mean difference = 0.00, p = .702, CI(95%) = [-0.01, 0.01]. Furthermore, while mother-son and mother-daughter dyads differed in synchrony during the independent condition, mean difference = 0.02, p = .024, FDR p = .048, CI(95%) = [0.00, 0.03], no difference was present during cooperation, mean difference = 0.00, p = .506, CI (95%) = [-0.01, 0.02] (see Fig. 5 ). Previous research has found sex differences in cooperation-related inter-brain synchrony increase within specific ROIs (Baker et al., 2016) . Thus, although the interaction between sex, ROI, and condition was not significant, F(4, 22) = 1.54, p = .211, we conducted planned comparisons to test sex-differences in synchrony increase within specific ROIs separately. Only the right inferior PFC showed a significant sex by condition interaction, We then examined inter-brain synchrony in mother-son and motherdaughter dyads separately (see Fig. 6 ). In mother-son dyads, there was evidence for overall increased synchrony during cooperation in all 5 ROIs, but the effects only reached significance (uncorrected) in the right inferior PFC (t(12) = 3.19, p = .008, FDR p = .016) and right dorsolateral PFC, (t(12) = 2.22, p = .047, FDR p = .118). Conversely, in mother-daughter dyads, increased synchrony was only evident in the right frontopolar PFC (t(14) = 2.87, p = .012, FDR p = .060).
Child age did not significantly moderate the effect of task condition on overall synchrony increase, the effect of ROI on overall synchrony level across task conditions, or the interaction between ROI and task condition (all p > .078).
Individual differences in behavior and inter-brain synchrony
We first examined whether there were any inter-individual differences related to child attachment avoidance and anxiety in behavioral cooperation performance. These analyses, however, revealed that dyads who performed better on the cooperation task did not differ in anxious (r = -0.29, p = .128) or avoidant child attachment (r = -0.31, p = .106). We subsequently conducted ANOVAs with cooperation performance, anxious attachment, and avoidant attachment as covariates to test for links with inter-brain synchrony. We did not find evidence that these variables moderated the effect of task condition on overall synchrony, the effect of ROI, or the interaction between task condition and ROI (all p > .213). Further correlation analyses are presented in the Supplement.
Discussion
This study extends previous hyperscanning research with adults by examining cooperation-related inter-brain synchrony in mother-child dyads. We found that mother-child dyads demonstrated overall increased inter-brain synchrony when playing an interactive cooperation game compared to a non-cooperative, single player game. Further analyses showed that increases in overall inter-brain synchrony were only significant in mother-son dyads, whereas an ROI-based approach suggested that cooperation increased synchrony in the inferior region of the PFC for mother-son dyads to a greater degree than mother-daughter dyads. Lastly, we found preliminary evidence that children's avoidant attachment and poor behavioral performance were associated with less synchrony in the right frontopolar region of the PFC. However, it should be noted that many of the ROI-based findings and correlation analyses were only present in analyses using uncorrected thresholds for statistical significance. Taken together, these findings provide tentative insights into our understanding of inter-brain synchrony in motherchild dyads during cooperation and point to a need for further research on the potential link between inter-brain synchrony and attachment.
Our strongest finding was that overall inter-brain synchrony increased when mother-child dyads were engaged in a task that required cooperation compared to a similar game that did not. In other words, mothers and children appeared to engage similar brain regions in a temporally matched fashion more strongly during cooperation. Interbrain synchrony may be particularly prominent during certain collaborative joint activities, which is in line with previous hyperscanning research with adults (Cui et al., 2012; Liu et al., 2016) and one study with parent-child dyads (Reindl et al., 2018) showing that inter-brain synchrony is heightened during cooperation. However, these studies focused on inter-brain synchrony at the ROI-or channel-based level. To our knowledge, the current study is the first to investigate and document general increases in inter-brain synchrony during cooperation. Coordinated activity in mother-child dyads in corresponding brain regions may reflect engagement in similar cognitive processes in both partners, but we cannot definitively conclude what overall inter-brain synchrony reflects in our study. We found some evidence that cooperation especially increased synchrony in the right dorsolateral and frontopolar PFC. Interestingly, Reindl et al. (2018) found these same regions to synchronize between parents (mothers or fathers) and their 5-9-year-old children during cooperation, and that synchrony in these regions was related to cooperative performance. These regions have been shown to be important for executive function and attention as well as theory of mind (Bzdok et al., 2012; Gilbert and Burgess, 2008) . Thus, one interpretation of our findings is that the cooperation task elicited similar executive functioning and social cognitive processes in mother-child dyads to a greater degree than the independent comparison task.
Interestingly, mother-son dyads showed less inter-brain synchrony during the independent task than mother-daughter dyads, but motherson and mother-daughter dyads did not differ in synchrony during the cooperation task. When we subsequently examined specific ROIs using uncorrected thresholds, we found evidence for less synchrony during the independent task compared to the cooperation task in mother-son dyads in all 5 ROIs, but particularly in the dorsolateral and inferior frontal PFC. In mother-daughter dyads, although there was no overall difference in synchrony during the independent and cooperation tasks, we found some evidence for a cooperation-related increase in synchrony in the frontopolar PFC. Our finding that mother-son dyads demonstrated overall greater differences in inter-brain synchrony during cooperation versus a control task is in line with some adult findings that cooperation elicits increased inter-brain synchrony in mixed-sex dyads (Cheng et al., 2015) , but this effect was driven by mother-son dyads engaging in less synchrony during the independent task compared to mother-daughter dyads. These differences in inter-brain synchrony did not merely reflect differences in reaction time, and thus may be more indicative of a change in approach to the independent and cooperation tasks in mother-son dyads. One possibility is that the independent task elicited greater disengagement or deviation from strategies used during the cooperation task in mother-son relative to mother-daughter dyads. Boys have been shown to be more prone to engaging in competition whereas girls tend to be more eager to cooperate (Knight and Chao, 1989; Niederle and Vesterlund, 2011) . Thus, perhaps boys switched to more competitive strategies during the independent task. Given that participants were told that their overall performance would be compared to other players, we believe it is plausible that some participants may have treated the task as a competition. However, further research that collects data on attitudes toward different task conditions is necessary to directly test this hypothesis and help tease apart the specific social, cognitive and behavioral processes related to overall versus region specific inter-brain synchrony.
Our findings for differences in inter-brain synchrony in mother-son versus mother-daughter dyads are interesting in light of recent work using the same task with mixed-sex adult dyads (Baker et al., 2016) . Of course, the nature of mother-child interactions and relationships are very different from those of dyads of adult strangers. In addition, the social and/or cognitive demands of the independent and cooperation tasks may be different for mother-child versus adult dyads. Thus, it should be noted that the degree to which our findings are comparable to previous research on sex-differences in inter-brain synchrony is unclear.
Attachment has been the subject of considerable neuroscience research (Coan, 2008; Riem et al., 2012; Vrtička, 2017; Vrtička and Vuilleumier, 2012) , but the majority of this work has focused on withinindividual neural processes in adults. To our knowledge, this study is the first to use a fNIRS hyperscanning paradigm to assess the link between inter-brain synchrony and attachment in mother-child dyads. However, we did not find robust evidence for a link between child attachment and inter-brain synchrony. It was only in our less conservative ROI-based correlation analysis (see Supplement) in which we found preliminary evidence that avoidant child attachment was associated with less cooperation-related synchrony in the right frontopolar PFC, but this effect was not present after statistical correction or after controlling for gender and age. We believe it is worth noting that a recent study of parent-child cooperation found that inter-brain synchrony in this same region mediated the link between parent and child emotion regulation skills (Reindl et al., 2018) , and that securely attached children have consistently been shown to internalize effective emotion regulation strategies from their caregivers (Brumariu, 2015) . Further studies with larger samples are needed to clearly identify whether mother-child attachment is manifested in inter-brain synchrony, especially in the right frontopolar PFC, during cooperation and in other contexts.
Limitations
One limitation of our findings is that they are specific to neural synchrony between mothers and 8-12-year-old children, but do not speak to earlier developmental periods thought to be particularly important for attachment. fNIRS is increasingly being used to study younger populations, and more work is needed to examine synchrony in infancy and early childhood using age-appropriate social tasks. In addition, we did not obtain data on children's pubertal stage, which could have affected inter-brain synchrony and behavioral cooperation. Given that girls tend to advance to sexual maturation earlier than boys, sex differences in pubertal stage could have contributed to our observed sex differences in inter-brain synchrony. Future research should test this possibility. Furthermore, our sample size may have limited our ability to detect significant links between inter-brain synchrony and attachment and behavioral performance. As we note above, ROI specific effects were not robust, as they were reduced to statistical trends or nonsignificance in an FDR-corrected analysis. Future studies that include larger samples, and perhaps repeated measures over development, will be critical to better understand potential links between the ongoing development of attachment and parent-child synchrony over time. It should also be noted that due to the constraints of our fNIRS system, we were only able to examine inter-brain synchrony within a limited number of prefrontal and temporoparietal regions in the right hemisphere. Having access to more available recording channels to provide more extensive coverage of the cortex will be important for determining potential localization of inter-brain synchrony in mothers and children. In addition, two of our mother-child dyads were not biologically related, but these pairs were also not outliers on any of our variables of interest. Studies designed to assess the heritability of parent-child interbrain synchrony (e.g., studies with identical and fraternal twins) would be an interesting avenue for future research. Lastly, although our computer game task was successful in eliciting increased inter-brain synchrony in this study and has been used and validated in previous work (Baker et al., 2016; Cui et al., 2012) , the task does not mirror cooperative interactions that mother-child dyads might experience in their everyday life. One of the strengths of fNIRS is that it allows researchers to study cortical functioning in more naturalistic social environments (Lloyd-Fox et al., 2010; McDonald and Perdue, 2018) . Future fNIRS research on mother-child dyads should take advantage of this strength.
